ABSTRACT: The possible effects of ocean acidification on growth, organic tissue and protein profile in the bryozoan Myriapora truncata (Pallas, 1766) were studied in samples transplanted along a gradient of different pH conditions in an area of natural volcanic CO 2 vents at Ischia Island (Tyrrhenian Sea, Italy). Living colonies from normal (mean pH 8.10), intermediate (pH 7.83) and low (pH 7.32) pH sites were investigated after intervals of 34, 57 and 87 d of exposure. M. truncata formed new and complete zooids at the normal site, whereas at the intermediate and low pH sites, neither partial nor complete zooids were produced. After 34 d at intermediate and low pH conditions, the organic cuticle which envelops the skeleton increased in thickness when compared to normal colonies, suggesting a protective role against dissolution of the high-Mg calcite skeleton. Significant changes in the protein profile and expression displayed by samples from intermediate and low pH conditions suggest that M. truncata makes an initial attempt to overcome the decrease in pH by up-regulating protein production but eventually, especially in the lowest pH condition, exhausts biochemical energy to maintain this rate of protein production, leading to eventual death.
INTRODUCTION
Anthropogenic carbon dioxide (CO 2 ) has already caused ocean pH to decrease by an average of 0.1 units since pre-industrial time (Raven et al. 2005) . By 2100, it is projected to fall by 0.3 to 0.5 pH units (Caldeira & Wickett 2005 , Orr et al. 2005 . The oceans store up to a quarter of the atmospheric CO 2 produced by human activities. When CO 2 dissolves into the oceans, it forms carbonic acid, increasing ocean acidity and shifting the chemical equilibrium towards CO 2 and bicarbonate ions, with a decrease in carbonate ion concentration. This decrease, coupled with an increase in CO 2 gas dissolved in the oceans, reduces the saturation state (Ω) of seawater with respect to calcium carbonate minerals. Because of the positive correlation between Ω and the rate of formation of carbonates, the distribution and dissolution of carbonates are both sensitive to oceanic Ω and pH. Variations in this saturation state not only alter the geochemical balance of the oceans but directly affect marine calcifying organisms with subsequent effects for global ecosystems (Pörtner et al. 2005 , Kleypas et al. 2006 .
Biominerals are composed of inorganic minerals and organic macromolecules such as proteins, pro teoglycans, lipids and polysaccharides. These macromole cules are fundamental in controlling the intricate detail of shell formation, determining nucleation, stabilisation and mineral polymorph formation (Ma rin et al. 1996 , Cölfen & Antonietti 2005 , Fu et al. 2005 , Nudelman et al. 2007 , Cusack & Freer 2008 . Organic macromolecules also play an active role in the formation of organic tissues that, in most calcifying organisms, separate shell or skeletons from ambient seawater (Ries et al. 2009 ). Crustaceans, for ex ample, enclose their carapace within a thick epi cuticle (Roer & Dillaman 1984) ; molluscs and brachio pods cover their shells with a periostracum (Marin et al. 1996 , Nudelman et al. 2007 , Cusack & Freer 2008 , Evans 2008 ; corals nucleate aragonite beneath several layers of epithelial tissue (Gattuso et al. 1999 , Perrin 2003 ; and the bryozoan skeleton is enveloped by an organic cuticle (Lutaud 1961 , Hunt 1972 , TavenerSmith & Williams 1972 .
Among biomineralisers, bryozoans are a key component of marine ecosystems, secreting calcareous skeletons that provide habitat for other organisms while playing an important role in the carbon cycle (Cocito 2004 , Smith 2009 ). These colonial organisms are composed of modular units (i.e. zooids) which include inorganic (i.e. skeleton) and organic components (i.e. cuticle and polypide; McKinney & Jackson 1989 ) strictly connected to each other in both origin and function. The bryozoan skeleton is secreted beneath an organic cuticle that evaginates from the budding site of the mother zooid (Lutaud 1961) . The cuticle is deposited by epithelial cells that exude an organic coating that acts as a seeding surface for the nucleation of the first crystallites of the mineral skeleton. Calcification proceeds from proximal to distal end and occurs as soon as the cuticle is deposited, such that the proximal portion calcifies before the distal parts of the zooid walls are delimited by the expanding cuticle (Lutaud 1961 , Gordon 1971 . As organic components, bryozoan modular units also comprise the polypide, a partially extendable unit that includes the nervous system, digestive tract, some specialised muscles and the feeding apparatus, bearing many ciliated tentacles that are extended during feeding or collapsed and withdrawn into the colony interior (McKinney & Jackson 1989) .
Bryozoans are bioindicator organisms that are able to adopt appropriate morphological and functional responses to environmental changes (McKinney & Jackson 1989 , O'Dea & Okamura 1999 , Jackson & Her re ra Cubilla 2000 , Lombardi et al. 2006 , 2011a , Hage man et al. 2009 ). Bryozoan skeletons are potentially vulnerable to climate changes such as in creased water temperatures (Lombardi et al. 2008 , Knowles et al. 2010 and decreased pH due to ocean acidification (Smith 2009 , Rodolfo-Metalpa et al. 2010 , Lombardi et al. 2011b ). The first in situ transplantation experiments, performed by Rodolfo-Metalpa et al. (2010) and Lombardi et al. (2011b) on the Mediterranean bryo zoan Myria pora truncata (Pallas, 1766) at a volcanic CO 2 vent in Ischia, Italy (see Hall-Spencer et al. 2008 for site description), showed changes in the rates of calcification and dissolution as well as changes in the structure and composition of the skeleton due to decreased pH. These studies also suggested the possibility that the cuticle played a role in protecting against corrosion by decreased pH seawater.
To extend our knowledge in terms of how the organic constituents involved in bryozoan biomineralisation react to decreased pH conditions, a new in situ transplantation experiment was set up using the bryo zoan Myria pora truncata. This cheilo stome bryozoan produces a biomineralised skeleton of high-Mg calcite beneath the envelopment comprising secretory epi thelium, coelom, outer epithelium and outermost or ganic cuticle. Living colonies were de ployed into cages at various distances from CO 2 vents, along a gradient of different pH conditions, for intervals of 34, 57 and 87 d. The aim was to analyse effects of acidification on growth, organic tissue and protein composition.
MATERIALS AND METHODS

Target species
Myriapora truncata is a widespread bryozoan found in a variety of habitats, from shallow subtidal sheltered sites to circalittoral rocky environments, in the Mediterranean and along the western Atlantic coasts of southern Spain and Morocco (Canu & Bassler 1925 , López de la Cuadra & García-Gómez 1994 . It grows in erect tree-like colonies with a robust skeleton made by branches composed of radiating, undifferentiated autozooids (feeding units) arranged around an axial bundle of kenozooids, formed for structural reasons (Berning 2007) . The frontal wall, or shield, of M. truncata is secreted beneath a covering of coelom and an outer envelope of organic cuticle. The main body of the animal, the polypide, is located within the box-shaped skeletal walls of the zooid and protrudes through the primary orifice to feed. The expanded polypide has an inverted cone-shaped crown of tentacles (i.e. lophophore) bearing cilia which create a current of water that propels food particles towards the mouth, which lies at the base of the lophophore. Each tentacle tip ends with a tuft of rigid cilia, which are also present at the abfrontal and the latero-frontal sides of the tentacle, and which have been observed to have sensory functions in several bryozoan species (Lutaud 1973 , 1993 , Gordon 1974 , Winston 1978 . Al though some information exists about the morphology of the larva, of the first formed zooid (ancestrula; Ferretti et al. 2007 ) and net calcification rate (Rodolfo-Metalpa et al. 2010) , the life cycle, zooid growth rate and diet of M. truncata are still unknown.
Fieldwork
Fieldwork was carried out from 7 June to 8 September 2009 off the southern coast of Ischia Island, Italy (40°41.31' N, 13°53.36' E) in an area of natural volcanic CO 2 vents which cause a gradient of water acidification. Descriptions of the vent area and its main habitat features are reported in previous studies (Hall-Spencer et al. 2008 , Cigliano et al. 2010 . Colonies of Myriapora truncata were collected from a rocky bank (Secca delle Formiche di Vivara) 2 km north, far from the volcanic area, and transported to the laboratory where they were maintained in 20 l aquaria with a turnover rate of seawater of 50% h −1 . Only live colonies were selected for the ex periment. Seventy-two colony fragments (up to 3 branches each) were attached to tagged plastic plates using epoxy glue (HoldFast ® ; Rodolfo-Metalpa et al. 2010) , mounted on PVC plates and distributed in 6 cages (30 × 50 cm) with 12 fragments cage , 2 m apart) where different mean pH conditions (normal, intermediate and low) due to CO 2 vents have been documented in previous studies (Hall-Spencer et al. 2008 , Cigliano et al. 2010 , Rodolfo-Metalpa et al. 2010 . Each cage was fixed to a 30 kg concrete block to prevent movement of the cage and colony breakage. Due to the limited spatial extension of the vent area (especially in the low pH zone), it was not possible to place more than 2 cages site −1
. Eight fragments were collected from each site (4 from each cage) after 34, 57 and 87 d of exposure: 4 fragments for histological analyses and 4 for protein analyses.
Seawater temperature data were obtained using 3 Hobo Onset loggers fixed to concrete blocks at each site, collecting data at 15 min intervals. For pH measurements, water samples were collected in 250 ml polyethylene jars at 1 m depth between 10:30 and 12:00 h. Four replicated seawater samples were collected per site on each sampling date (16 dates). Jars were subsequently transported to the laboratory, using an isolated thermal box in order to maintain in situ temperature conditions. In the laboratory, pH and temperature were measured (pH 300 Hanna Instrument with a resolution of 0.01 and associated thermistor) within 2 h of collection. The pH meter was calibrated using SIGMA standard reference buffers for pH 4.00, 7.00 and 10.00 at 25°C. All laboratory pH data were then adjusted using the equation of Gieskes (1969) 
where pH 1 is the pH measured in the lab by the instrument, t 1 is the measuring temperature and t m is the in situ temperature). Differences in temperature and pH conditions among sites and sampling periods were tested using 2-way analysis of variance (ANOVA). Prior to analysis, Levene's test was employed to assess the equality of variances across the samples. When variances were heterogeneous, data transformations (square root, logarithmic, arcsine) were applied, and in case of persistent heterogeneity, the more stringent criterion of α < 0.01 was used to reject the null hypothesis (pH values among sites and periods were invariant). When ap propriate, a Student-Newman-Keuls (SNK) test was applied for multiple comparisons of the means.
Zooid growth rate
Prior to histological and protein analyses, 1 branch for each fragment (4 fragments per duplicate cage from each of the 3 sites collected at intervals of 34, 57 and 87 d) was used for counting the newly formed zooids at the growing tips of Myriapora truncata. Fragments, individually tagged with plastic plates, were photographed before being transplanted and prior to fixation for histological and protein analyses. Two photographs were taken for each branch of M. truncata, one for each side of the growing tip, always maintaining the sample perpendicular to the camera. A binocular microscope (Leica Z16 APO, objective 1×, oculars 10×, magnification from 14.2 to 230×, field diameter from 14.8 to 0.9 mm) with a digital camera (Leica DFC 300 FX) connected to a computer with dedicated software (Leica LAS © ) were used for the analysis. For each branch, subsequent images were compared and the newly formed zooids were marked manually using CPCe software (Kohler & Gill 2006) . Only complete zooids were counted. The numbers of newly formed zooids counted on each side of the growing tip were summed up, then averaged for each sample for the 2 replicate cages from the 3 sites at each sampling time. After verification of the homogeneity of variances (Levene's test, p > 0.05), 2-way ANOVA was used to compare data on newly formed zooids. When ANOVA revealed significant differences (p < 0.05), an SNK test was used for pairwise comparisons.
Cuticle and polypide analysis
Cuticle was separated from the skeleton of the zooids using forceps under a binocular microscope. Three sections of cuticle from the 2 replicate cages exposed at the 3 sites for the 3 times were analysed. Cuticles were fixed with a solution of 2.5% glutaraldehyde and 0.25% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 2 h, rinsed in PBS and fixed in 2% OsO 4 for 30 min. The specimens were dehydrated in acetone at room temperature and embedded in EPON resin. Cuticle sections were analysed using scanning electron microscopy (SEM; EVO LS 15, Zeiss) at 1000× magnification, and cuticle thickness (µm) was measured on SEM pictures with Image J ® at 3 points for each section. Four-way ANOVA (site, period, cage, points of cuticle section) was used to test significant differences in cuticle thick ness. Prior to analysis, Levene's test was employed to test the homogeneity of variances across the samples. When ANOVA indicated significant differences, an SNK test was applied for multiple comparisons of the means.
Polypides were extracted from the skeleton using a dissecting needle and forceps under a binocular microscope and then fixed with 4% PFA in PBS (pH 7.2) at room temperature for 2 h and then rinsed in PBS. The specimens were placed in 0.5 M NH 4 Cl solution in PBS for 15 min to block free aldehyde groups, then dehydrated in ethanol at room temperature and embedded in LRWhite resin. The ultrathin sections of the polypides, placed on nickel grids covered with Formvar-carbon film, were stained with the EDTA regressive technique (Bernhard 1969 ). This technique is preferred for the detection of ribonucleoprotein-containing nuclear components, which are involved in the maturation of RNA. The specimens were observed with a Zeiss 900 EM operating at 80 kV.
Protein analysis
Four fragments per time period were rinsed extensively with deionised water and dried overnight in an oven at 37°C. Then 1 g of each sample was crushed to a fine powder and dissolved with 23 ml of an aqueous solution of EDTA (0.2 M, pH 8.0) and 0.1 ml of dithiothreatol (DTT). Protein concentration was determined using a Nanodrop spectrophotometer (Thermo Scientific). Importantly, all bryozoan protein samples used throughout the analysis were adjusted to be approximately the same concentration. This ensured that, as far as possible, equal amounts of protein from each sample were loaded onto the gel. Due to the paucity of proteins extracted from the soluble matrix of each sample, silver staining with SDS-PAGE was employed. The EDTA-solubilised samples were concentrated to approximately one-fifth of their original volume using Vivaspin (Sartorius) concentrator tubes with a 10 kDa molecular weight cut-off. This cut-off was a compromise between the need to reduce sample volume and increase protein concentration and speed of the process, since EDTA samples are notoriously difficult to pass through a membrane. Hence, proteins with a molecular weight lower than approximately 10 kDa are not visualised. Silver staining is approximately 50 times more sensitive than traditional Coomassie visualisation, detecting proteins at the 0.3 to 1.0 ng level (Switzer et al. 1979) . Since protein content of biomineralised material is between 1 and 5% total weight (Noguchi et al. 2007 ), tending to the lower end for bryozoans, according to our methodology, Coomassie staining shows no observable protein bands. The silver staining protocol was adapted according to instructions enclosed in the SilverXpress staining kit (Invitrogen). Additional care to exclude light during the staining process produced significantly better results. The samples were separated alongside protein standards of known molecular weight: myosin (188 kDa), phosphorylase (98 kDa), bovine serum albumin (62 kDa), glutamic dehydrogenase (49 kDa), alcohol dehydrogenase (38 kDa), carbonic anhydrase (28 kDa), myoglobin red (17 kDa), lysozyme (14 kDa) and aprotinin (6 kDa).
RESULTS pH and temperature data
Throughout the study period (7 June to 8 September 2009), pH values at the normal site were the highest recorded and relatively constant with a mean ± SD value of 8.10 ± 0.07 (Table 1) . The intermediate pH site was characterised by a mean pH value of 7.83 ± 0.41, while the lowest values were observed at the low pH site (7.32 ± 0.47; Table 1 ). Two-way ANOVA re vealed significant differences among sites (F = 56.60, p < 0.01; SNK test: normal > intermediate > low).
During the study period, the mean seawater temperature was 26.2 ± 0.09°C at the normal site, 26.2 ± 1.2°C at the intermediate pH site, and 26.5 ± 1.2°C at the low pH site (Table 1) . Differences among sites were not found, although significant differences were found among periods (2-way ANOVA, F = 4.02, p < 0.05) with highest values after 57 (early August) and 87 d (early September; SNK, 34 < 57 = 87). The seawater temperature trend (daily average) recorded at the low pH site (Fig. 1) is representative of temperature trends recorded at the other 2 sites for the study period.
Myriapora truncata growth
Myriapora truncata formed new and complete zooids only at the normal pH site, whereas at the other sites, neither partial nor complete zooids were produced. At normal pH, the mean number of zooids progressively increased at the growing tip of samples (cages averaged) from 0.6 ± 0.5 after 34 d, to 2.1 ± 1.0 after 57 d, up to 3.1 ± 0.8 at the end of the experiment (Fig. 2) . After 87 d, the mean number of new zooids did not significantly vary between cages, but was significantly different (2-way ANOVA, F = 15.11, p < 0.001) from the mean number of new zooids formed after both 34 and 57 d (SNK, p < 0.01).
Cuticle and polypide histology
Histological investigations revealed differences in cuticle thickness and texture between samples exposed along the pH gradient for 34, 57 and 87 d. At the normal pH site, cuticle thickness remained constant through time (3.70 ± 0.34 µm), whereas samples exposed to intermediate and low pH initially had thicker cuticles after 34 d of exposure (intermediate: 9.09 ± 0.64 µm; low: 10.73 ± 0.77 µm; . Four-way ANOVA re vealed significant differences (F = 1004.36, p < 0.01) among sites during the first period of exposure (34 d; SNK: normal < intermediate < low). Differences in cuticle appearance were also observed by analysing ultra thin longitudinal sections of samples exposed at the normal and low pH sites for 34 d. After 34 d, cuticle texture from the low pH site revealed regularly oriented thickened fibres, organised in a more dense structure than those at the normal pH site (Fig. 5) .
Comparing ultrathin sections of the lophophore ten tacles of samples from all 3 sites, there were no observable differences in tissue organisation after 34, 57 and 87 d of exposure, whereas differences related to cellular functioning (i.e. heterochromatin densely clumped at the nuclear margins) were clearly detected in samples exposed to low pH conditions even after 34 d of exposure. At this site, the tentacle of the lophophore had a fibrous envelope covering the tentacle tip (Fig. 6a) . The distal outer part of the tentacle was characterised by an extra cel lular matrix with a reticular composition and a line of cilia reaching the boundary of the tentacle (Fig. 6b) , and the inner part showed cellular nuclei bearing cilia (Fig. 6c) . The proximal outer part of the tentacle showed cellular nuclei and extracellular matrix, but tentacle cilia were not present (Fig. 6d) . At both the distal and the proximal parts of the tentacle, cells showed a nucleus with a large amount of heterochromatin, particularly associated with the nuclear margin (arrows in Fig.  6b−d) , as was also evident using an EDTA regressive technique. Condensed hetero chro ma tin in cell nuclei persisted throughout the entire duration of the study at this site. Tentacle tissues from the intermediate pH site did not show irregularities either at the structural or the morphological level for the whole study period. Only a small amount of heterochromatin at the cellular nuclei was found in samples exposed for 87 d. No differences were detected in the morphological and structural organisation of tissues from the normal site versus fresh samples collected at the time of histological analyses from a natural environment far from the volcanic vent area.
Protein analysis
Proteins in the molecular mass range of 10 to 100 kDa were visualised (Fig. 7) . Samples from the normal pH site showed the most distinctive bands, which remained almost identical over time (34, 57 and 87 d) . In contrast, specimens grown under decreased pH conditions at the other 2 sites showed significant changes to the protein profile visualised by silver staining (Fig. 7) . Samples from both of these sites showed an increase in production of protein during the initial 34 d. However, after 57 and 87 d, there was a marked decrease in protein production, with samples from the low pH site showing almost no protein (or very diffuse) bands, particularly after the longest exposure. Changes in specific protein expression were also evident: in samples from the intermediate pH site, there was an increase in concentration of the 76 kDa protein (indicated with an asterisk in Fig. 7 ) from 34 to 57 d and then a decrease from 57 to 87 d. This contrasted with the 95 kDa protein (indicated by a triangle in Fig. 7) , which was present in lower concentrations at 57 and 87 d compared to 34 d.
DISCUSSION
The present study is the first to describe the effects of ocean acidification on growth, organic structure and protein expression in the bryozoan Myriapora trun cata. This Mediterranean species is a feasible target organism for testing the effects of decreased pH conditions in the ocean: Rodolfo-Metalpa et al. (2010) reported that M. truncata colonies exposed to low pH conditions for 45 d, at a normal seasonal temperature, survived with a subsequent de crease in skeletal weight and a corrosion of several skeletal structures at the growing tips. The dissolution of these growing tips, which are rich in Mg-calcite, confirms the species' vulnerability to low pH even after short exposure times (Lombardi et al. 2011b ). In contrast, under intermediate pH conditions, M. truncata survived with an increase in skeletal weight (Rodolfo-Metalpa et al. 2010) , suggesting that the species may be resilient at least after short exposure to the effects of a moderate decrease in oceanic pH. This increase in skeletal weight could be due to the ability of the species to bud and/or to alter its skeletal structures (i.e. hypercalcification) in intermediate pH with normal temperature conditions. In our study, colonies of Myriapora truncata transplanted into normal pH conditions continued to grow, adding up to 3.1 ± 0.8 new zooids per colony in 87 d. Unfortunately, no information on the zooid growth rate of M. truncata is currently available in the literature. Gristina & Balduzzi (1999) estimated a rough linear branch extension rate of 0.41 cm yr −1 in the field at 4 m depth, suggesting a very slow colony growth rate in this species (as in many other bryozoan species; Hermansen et al. 2001 ). When exposed to intermediate and low pH conditions, M. truncata ceased to grow even after only 34 d under normal temperature conditions. Rodolfo-Metalpa et al. (2010) reported that high temperatures halted calcification even at normal pH sites; thus the combined effects of high temperatures and low pH could be potentially responsible for inhibiting growth. However, during the present experiment, colonies budded new zooids at any time at the normal pH site even when they were experiencing relatively high temperatures (57 and 87 d), so that temperature did not affect colony growth.
The increase in skeletal weight after a short exposure described by Rodolfo-Metalpa et al. (2010) is not due to new budding but could perhaps reflect hypercalification of existing skeletal structures. Comparing colonies grown in normal versus low pH conditions, Lombardi et al. (2011b) reported a significant increase in the thickness of the frontal wall skeleton in distal branches, which are rich in Mg-calcite and thus more vulnerable to low pH. These authors also reported differences when comparing distal versus proximal branches of colonies grown in both normal and low pH conditions, attributable to secondary calcification processes (i.e. thickening of skeletal structures) which commonly affect the older, proximal branches of bryozoan colonies from normal environments (McKinney & Jackson 1989 , Hayward & Ryland 1999 . This distal versus proximal difference was larger in samples from acidic sites (Lombardi et al. 2011b) . Extra thickening of old colonies from low pH sites could represent a reaction of Myriapora truncata at the level of the biomineralisation process seen in the production of organic and, as a consequence, inorganic components.
Modifications of biomineralisation patterns, very clear in the inorganic skeleton of Myriapora truncata when subjected to low pH conditions (Rodolfo-Metalpa et al. 2010 , Lombardi et al. 2011b ), start at molecular and organic levels where macromolecules control skeleton formation (Fu et al. 2005 , Nudelman et al. 2007 , Cusack & Freer 2008 , Evans 2008 . Bryozoans have an outer organic cuticle beneath which the mineralised skeleton is formed (Lutaud 1961 , Tavener-Smith & Williams 1972 . In M. truncata after 34 d, this cuticle increased in thickness at intermediate and low pH conditions compared to colonies from a normal pH environment, suggesting a protective role against dissolution of the high Mg calcite skeleton of colony growing tips. Samples ex posed to intermediate pH displayed a progressive de crease in cuticle thickness from 34 to 87 d, whereas at the low pH site there was a substantial de crease in cuticle thickness from 34 to 57 d, and thereafter the values remained almost constant. The increase in cuticle thickness at the low pH site is accompanied by a change in appearance, with better defined, thicker and more regularly oriented fibres than at the normal pH site.
Ultrathin sections of tentacles from zooids at the colony growing tips of Myriapora truncata exposed to low pH conditions for 34 d revealed cells with hetero chromatin-rich nuclei especially associated with the nuclear envelope. Abundance of heterochromatin may imply reduced nuclear and cell activity induced by stress factors, such as anomalous temperature as suggested by Wheatley (1985) . As colonies from the normal site experienced the same temperature regime as colonies from the intermediate and low pH sites but did not show any trace of heterochromatin within their nuclei, modifications of nuclear and cell activities observed in samples exposed to intermediate and low pH conditions, after long (87 d) and short (34 d) periods, respectively, could have been caused by low pH. A reduction of lophophore cellular functioning (heterochromatin associated with the nuclear margin), which also affects ciliate epi thelial cells with a potential sensory function located at the tip of the tentacles (Lutaud 1993) , is an ex pression of altered feeding activity within the colony. Because of the contrasting reaction of the cuticle and polypides to low pH conditions (i.e. increase in cuticle thickness versus decrease in functioning of mechanic and sensory cells over 34 d at least at low pH), a reallocation of metabolic re sources could be hypothesised for M. truncata. As previously observed in another Mediterra ne an bryozoan transplanted to decreased pH conditions (Lombardi et al. 2011a ), M. truncata could re allo cate its energy from functions such as feeding to cuticle formation in order to slow down dissolution of the mineralised skeleton.
Changes in the band densities of proteins appear to mirror the physical changes seen in the cuticle. The amount of protein in the samples was found to reduce both with time of exposure and decrease in pH. The most marked result was from the samples grown under low pH conditions, where, after 34 d ex posure, specimens showed little protein response and a corresponding decrease in protein band intensity, only very faint bands being apparent even using the highly sensitive silver staining. In addition, very few protein bands above 45 kDa were observed. Samples taken from the intermediate pH site showed a similar, though less marked effect. There appeared to be an up-regulation of protein upon initial exposure, but at 57 d of exposure, protein production declined, especially of the ~75 kDa band. However, unlike under low pH conditions, there was still a moderate amount of protein ex pression even after 87 d of exposure.
A comparison of samples exposed to normal, intermediate and low pH conditions, at the initial time interval of 34 d, showed apparently stronger protein intensities in the intermediate and low pH environments than in the normal pH sample. This initial upregulation of protein is coincident with changes seen in the cuticle during this time period. While protein concentration was constant in normal conditions, colonies from both intermediate and low pH sites declined in protein expression at 57 and 87 d. The decline was more marked at the low pH site. Since there has been little or no characterisation of bryozoan proteins to date, assigning specific protein identities to the bands observed in the above experiments was not possible. While some of the bands may be generic to a number of biomineralising proteins found in other species, there was insufficient protein to allow positive identification even using sensitive Orbitrap mass spectrometry. Although these results are preliminary, the protein ana lyses, along with the physical changes, suggest that Myriapora truncata may initially attempt to overcome the decrease in pH by up-regulating protein production (perhaps as a response to hypercalcification) but eventually, especially in the lowest pH condition, appears to exhaust the biochemical energy needed to maintain this rate of hypercalcification. It appears that the organism responses to combat the effects of ocean acidification may be dependent on intrinsic and extrinsic factors such as metabolism or gene/ protein expression and vary with life stages (e.g. developmental stages) and body size or age and, in addition, will be highly influenced by environmental conditions (Wood et al. 2008 , Gooding et al. 2009 , Dupont et al. 2010 . Further studies are warranted to gain information about which specific metabolic pathways are being influenced by significant de creases in pH.
This study highlights that biogenic mineralssince they are made up of organic and inorganic components -should be considered when assessing the vulnerability of organisms and their ability to respond to ocean acidification. Little is known about biomineralisation in bryozoans despite their important role in the carbon cycle and as major carbonate producers (McKinney & Jackson 1989 , Taylor & Allison 1998 . Further studies should be undertaken to increase knowledge of biomineralisation processes in bryozoans, which will help predict the effects of climatic changes such as global warming and ocean acidification on these processes.
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